ABSTRACT. It is not known how the mode of flow alters the resistance properties of the newborn pulmonary circulation. Therefore, we compared the pressure responses of the perfused left pulmonary circulation of 16 newborn lambs with step changes in either pulsatile or steady flow. The slope of the pressure-flow curve differed significantly according to mode of perfusion. The slope of the pressure- Much of our understanding of the factors that control the pulmonary circulation has evolved from studies using nonpulsatile flow to perfuse isolated lung preparations using less than physiologic flow rates (1-6). Such studies support the concept that the newborn pulmonary circulation has a limited ability for recruitment and distension (7, 8) . However, it is also known that the pulmonary circulation's apparent resistance to perfusion using steady flow is typically greater than that observed in vivo or when pulsatile pump perfusion is used (9-12). Under steady flow conditions in isolated lungs, physiologic flow rates result in pulmonary hypertension and edema formation (3, 13) . This
Much of our understanding of the factors that control the pulmonary circulation has evolved from studies using nonpulsatile flow to perfuse isolated lung preparations using less than physiologic flow rates (1) (2) (3) (4) (5) (6) . Such studies support the concept that the newborn pulmonary circulation has a limited ability for recruitment and distension (7, 8) . However, it is also known that the pulmonary circulation's apparent resistance to perfusion using steady flow is typically greater than that observed in vivo or when pulsatile pump perfusion is used (9) (10) (11) (12) . Under steady flow conditions in isolated lungs, physiologic flow rates result in pulmonary hypertension and edema formation (3, 13) . This suggests that the mode of flow can influence the distribution of pulmonary vascular resistance. Therefore, the factors affecting the pressure response to increasing flow, and possibly lung edema, should differ for pulsatile and steady flow.
To determine whether blood flow and its mode can alter the resistive properties of the pulmonary circulation in the newborn, we analyzed and compared the mean pressure-flow relationships and the magnitude of edema formation in left lungs of newborn lambs that were perfused with either pulsatile or steady flow.
MATERIALS AND METHODS
Animals and surgical preparation. Newborn lambs (0-3 d of age) were blindfolded and placed on a warming pad to maintain their core temperatures between 38 and 40°C. Carotid artery catheterization, tracheostomy to provide mechanical ventilation (Baby-Bird Pediatric Ventilator, Bird Corp., Palm Springs, CA). and large-bore catheterization (12-14 F) of the right atrium via both external jugular veins were performed under a-chloralose anesthesia (50 mg/kg). Ligation of the ductus arteriosus, LA catheter placement, and ligation and cannulation of the LPA with a 12-14 F polyvinyl chloride catheter were performed via a left thoracotomy. Time from LPA ligation to the onset of artificial perfusion was limited to 5 min to avoid lung ischemia. Before placement of the LPA cannula, electromagnetic flow probes were placed on the MPA and LPA to obtain baseline flows.
The perfusion circuit ( Fig. 1 ) consisted of a reservoir followed by valves that allowed selection of either a roller pump (PEMCO micropump; PEMCO Inc., Cleveland, OH) for steady flow or a pulsatile pump (Medical Engineering Consultants, Los Angeles, CA). Polyvinyl chloride tubing and siliconized blood chambers were used. A calibrated electromagnetic flow probe (C and C Instruments, Culver City, CA) was included in the circuit just proximal to the LPA cannula, and a precalibrated micromanometer (Camino Labs, San Diego, CA) was placed through the LPA cannula into the LPA distal to the tip of the perfusion cannula (Fig. 1) .
Before initiation of artificial perfusion, the circuit was primed using heparinized fresh whole blood, 20 U/mL, from an anesthetized donor lamb. The experimental animal was given 500-800 U/kg of heparin before placement of the large-bore perfusion catheters.
The pulsatile pump was adjusted to have an upstroke time of 0.08-0.12 s and pulse rates ranging from 70-200/min. A typical pulsatile pump wave form is shown in Figure 2 . The steady flow perfusion pump, when used with a depulsing chamber, resulted in no flow or pressure variations other than minor respiratory artifact. LA pressure, systemic BP, LPA pressure, LPA flow, and heart rate were continuously displayed and/or recorded on a multichanneled recorder (Gould 2200s; Gould Inc., Cleveland, OH). Arterial blood gas tensions were maintained in the normal range by changes in ventilation or fraction of inspired oxygen or by administration of sodium bicarbonate. The ventilator inspiratory pressures varied from 16 to 20 cm H20, and the end- expiratory pressure was always 4 cm H20. The ventilator rate varied from 12 to 20 min-I, and the inspiratory time was maintained at 0.4 s. Once bypass was initiated, either steady or pulsatile flow to the LPA was begun and maintained for 10 to 20 min at about 10 mL.kg-l.min-' before the experimental pressure and flow measurements were begun. Arterial blood gas values were measured before and after each set of pressure-flow measurements.
Experimental procedure. The procedure for obtaining the data composing the pressure-flow curve consisted of taking measurements of mean LPA pressure and mean LA pressure along with mean LPA flow at four to 10 different flow rates, which were increased stepwise for about a minute until the mean pressure reached a steady state. The pressures and flows at each steady state were then used to create pressure-flow curves over a flow range of 10 to 100 mL/kg/min. The duration of each experiment was limited to 2 h or less, at which time the anesthetized animal was euthanized with KC]. In five of the pulsatile pump perfused animals, six of the steady pump perfused animals, and 12 donor animals, the left lungs were removed at the end of the experiment and weighed before and after drying at 84°C for 48 h.
Data analysis and interpretation. The pressure and flow data for each perfusion were used to create a pressure-flow pulmonary vascular function curve. This curve was determined by plotting the pressure corresponding to each flow over the flow range studied. Each curve was characterized by a slope, R,, and a zero flow pressure intercept, Pin,, by calculating the least-squares regression line for the pressure-flow data over the flow range of interest (I, 3).
To examine whether the mode of perfusion affected the vascular function curves, the averages of the Pi,,, and R, for steady flow perfusion were compared with the respective averages for pulsatile flow perfusion using a two-sample t test. Statistical significance was taken as being a p value of less than 0.05. The results are reported as the mean + SD.
To examine whether the lung perfusions resulted in edema, the wet-to-dry ratios of the left lungs of 12 donor lambs were compared with the wet-to-dry ratios of steady and pulsatile pump perfused left lungs using a two-sample t test with the Bonferroni correction. Thus, a p value of 0.025 for an individual t test was chosen as the level of significance to adjust for the consequences of two comparisons ( 14).
RESULTS
The experimental model was established in 16 newborn lambs with a mean weight of 5.9 + 1.0 kg. The blood flows in both the MPA and LPA before cannulation and pump perfusion were measured in 10 of the animals and averaged 185 + 49 mL. kg-'. min-' in the MPA and 42 k 11 mL. kg-'. min-' in the LPA. The preperfusion and postperfusion maneuver blood gas data are presented in Table 1 . The pH, arterial COz tension, and arterial 0 2 tension values were the same for each mode of perfusion and were not influenced by the perfusion maneuver. The mean airway pressure required to maintain these blood gases varied from 5.3 to 6.7 cm Hz0 (4-5 mm Hg). This was considered to be our range of alveolar pressures, Pal,. The systemic BP was similar in both groups of animals before perfusion, being 56 f 21 mm Hg for the animals in the steady flow group and 63 +-24 mm Hg for those in the pulsatile flow group.
The systemic BP was also similar in both groups after the lungs were perfused by a given mode of flow, being 49 k 24 mm Hg for the steady flow perfused group and 69 + 2 1 mm Hg for the pulsatile flow perfused group. Examples of pressure-flow curves, each determined from single animal perfusions with either pulsatile or steady flow, are shown in Figure 3 .
The average flows, pressures, slopes, and intercepts observed during the pressure-flow studies are presented in Table 2 . The average intercept for steady flow (23.8 -+ 1 1.3 mm Hg) was not different from that for pulsatile flow (2 1.3 + 4.9 mm Hg). Greater Rs were observed for steady (0.484 + 0.350 mm H g mL-' . kg. min; n = 8) than for pulsatile flow perfusion (0.125 2 0.1 13 mm H g mL-' . k g min; n = 8).
The average wet-to-dry weight ratio for the left lungs of control animals was 4.97 + 1.13, for steady flow perfused animals it was 6.70 + 1.50, and for pulsatile perfused lungs it was 5.75 f 1.83.
The ratio for steady flow perfused lungs was significantly greater ( p < 0.025) than that for either the control or pulsatile perfused lungs. The wet-to-dry ratio for pulsatile perfused lungs was not statistically different from that for control lungs ( p < 0.10). DISCUSSION We have shown that both the magnitude of flow and its mode influence the resistive properties of the newborn lung. Our data demonstrate that, during both pulsatile and steady flow perfusion, pulmonary vascular resistance decreases with increasing flow, i.e. it is flow dependent. However, with a steady mode of perfusion, the pulmonary vascular resistance was always greater than that experienced with a similar magnitude of pulsatile flow. In addition, steady perfusion was more edemagenic, suggesting that the distribution of vascular resistance was also affected by this mode. It remains to be shown whether these effects are active or passive. However, the magnitude of the changes induced by steady flow make extrapolation from studies using this mode to the in vivo, pulsatile state problematic.
Our results with steady flow were similar to the results of others in which pressure-flow relationships in newborn lambs were constructed using steady flow perfusion (Table 3) . To extrapolate to the total lung from our studies of the left lung, we assumed that when the lamb is in the right recumbant position, the left lung receives one fourth of the total pulmonary blood flow (15). In our study, the lung was perfused under zone I1 conditions (P,, > Pal, > PI,), and the mean MPA flow was similar to that observed in lambs of comparable age studies in vivo (16). In addition, the mean blood flow to the left pulmonary artery in PULSATILE LUNG PERFUSION FLOW-Q (mllminkg) Fig. 3 . Sample pressure-flow data for two different lamb lungs with different modes of perfusion. P, pulmonary artery pressure-left atrial pressure; Q, flow/kg; R, correlation coefficient.
our experimental group was consistent with that when unanesthetized, awake lambs were positioned in the right recumbant position ( I 5). Interestingly, the R, during the steady flow perfusion was similar to that in those experiments that take into account vascular tone and the nonlinear hysteresis properties of the pulmonary circulation perfused under zone 111 conditions (P,, > PI, > Pa,,), where it is implicitly assumed that all pulmonary vessels are recruited (17). For example, Raj and Chen (1) preconditioned lung vessels by exposing them to a nonspecific vasodilator, papaverine, in addition to using a low-viscosity perfusate. Gordon et al. (18) preconditioned the lungs in their study with repetitive standpipe perfusions until a pressure-flow limit was reached. Thus, for steady flow perfusion, the R,, or incremental resistance, appears to be the same regardless of whether the lung is perfused in zone I1 conditions, where it is still theoretically possible for recruitment to occur, or in zone 111, where further decreases in resistance must change by decreases in tone or by distension (17). Thus, Table 3 shows that the R, for steady flow in the newborn lambs approach a constant value despite the fact that differing flow ranges and techniques were used to generate the data. By design, they may represent the minimum attainable slopes for each experimental approach. It is therefore curious that the pulsatile perfused lungs demonstrated a resistance to perfusion that was significantly less than that of steady flow perfused lung, which was theoretically fully recruited. If the differences in slope are due to differences in the level of recruitment in isolated and intact lung systems, then it may be more appropriate to examine the active and/or passive mechanisms responsible for modulating the capacity for recruitment. Furthermore, because the newborn period is associated with significant changes in pulmonary vascular resistance with increasing age, changes in vascular responses to humoral stimuli, changes in vessel structure, and increases in pulmonary blood flow, it may be possible to modulate these changes in a nonlinear way using external factors, such as flow or pressure conditioning.
If a pressure-flow relationship represents an accurate assay of the mechanical properties of the intact pulmonary circulation, it would be reasonable to expect that the same pressure-flow response curve should be obtained regardless of the mode of flow used to construct it. However, because steady and pulsatile flow modes of perfusion resulted in pressure-flow curves with different slopes, the question is raised as to which pressure response to increasing flow simulates that of the intact pulmonary circulation. This question was addressed by comparing the predicted P,, with a fixed physiologic flow rate using the pressure-flow relationships from our experiment and those of others, shown in Table 3 . Table 3 indicates the predicted P,, response to a flow of 250 mL. min-'. kg-' as calculated from the corresponding regression equations. For purposes of comparison, reported values of cardiac output vary from 250-425 mL. min-' .kg-', whereas the P,, range from 12 to 35 mm Hg in the first week of postnatal life in the lamb (l9,20). Thus, it can be seen that the steady flow models, including ours, tend to predict higher pressures, consistent with pulmonary hypertension in structurally normal vessels, whereas our pulsatile perfused model predicts pressures that are consistent with normal newborn cardiovascular characteristics.
The factor most likely responsible for our finding of lower R, under pulsatile conditions is that of a greater capacity for vascular recruitment with increasing flow. In theory, the increased slope under steady flow conditions can be explained by a vascular network with vessels that remain occluded when flow is increased from low flow to a higher flow (21). Under these circumstances, the occurrence of edema can be explained as a consequence of the increased hydrostatic pressure experienced by the vessels that are being perfused (3, 13. 22) . This inference appears to be independent of whether the pressure-flow curve is interpreted in terms of a Starling resistor or whether it is interpreted as a vascular network of distensible vessels (17, 23, 24). In our experiments, if the pulmonary circulation is viewed as a Starling resistor in zone I1 conditions, the decrease in resistance seen with pulsatile flow could be explained by vascular recruitment because the critical pressure, as indicated by the intercept pressure of the pressure-flow relationship, was greater than the PI,. Alternatively, the vascular recruitment to flow can be enhanced if the vessels of a network possess nonlinear distensibility (13) . A vascular distensibility that is nonlinear not only implies that the relationship between transmural pressure and vessel diameter will not be a straight line (25), but also implies that the pressure-diameter relationship and the resulting pressure-flow relationship of a vascular bed display hysteresis (26). That is, both the diameter and the vessel distensibility are functions of the magnitude and rate of change of stress, such as pressure or volume flow, and will be dependent upon the previous stress history (27). Therefore, repetitive pulsations may recruit more vessels and vascular volume than steady flow at similar mean pressure (26, 28-30). * Pi,,, intercept pressure of pressure-flow relationship. R, for whole lung was estimated from average intercepts, Pint, and average slope, R,, divided by 4; P, = 250 x R, + (Pi,, + P,,).
In this regard, pulse wave-form characteristics such as the fast upstroke and the slower diastolic decay of the normal pulse wave mav Drove to be imvortant factors in vascular recruitment. . Such responses may also be responsible for at least part of the differences that we observed between pulsatile and steady flow perfusion. Studies in adult dogs support our findings of higher vascular resistance and more edema formation during steady flow perfusion than during pulsatile perfusion (9, 10) . In one of these reports, nephrectomy, autonomic nervous system blockade, carotid sinus denervation, and bilateral vagosympathetic nerve section did not alter these responses (9) . The mechanisms responsible for the observed differences in edema production are therefore unclear. Vessel permeability changes due to differences in blood-borne substances between modes of perfusion are not a likely explanation for our edema differences, inasmuch as the circuits for each mode were essentially the same. A more likely explanation is that differences in the longitudinal distribution of resistance, and therefore microvascular pressures, were induced by the different modes of perfusion. Steady flow conditions possibly resulted in higher microvascular hydrostatic pressure and, thus, greater edema formation.
In our attempt to focus on newborns, we studied only lambs from 0 to 3 d old. Even so, we recognize that this sample may not be representative of the time-dependent pressure and flow patterns observed immediately after birth (33, 36). Other studies often classify older animals ranging from 4 to 16 d of age as "newborns" (3, 5, 6, 37, 38) . Results from animals with this larger range of older ages could obscure findings because of inherent variability. In addition, they may not be applicable to younger animals because of the age-related pulmonary vascular changes mentioned above.
One advantage of our experimental model, in which the perfusate circulates through the remainder of the body, is the deactivation of humoral substances produced by the lung (39). On the other hand, there is a major source of cellular blood elements in our system. Preliminary studies in our model show progressive leukopenia similar to that found by Zach et al. (40) during extracorporeal membrane oxygenation in human newborns. These cellular elements may play a role in determining differences in pulmonary vascular responses (2,4, 38, 39) . Other factors related to establishing the perfusion model may also be important. In related studies, the reported ischemia time, the time from cessation of normal perfusion to the time of onset of artificial perfusion, varies from 5 to 45 min (1, (3) (4) (5) (6) 41) . To avoid undesirable effects of such prolonged ischemia, we restricted time from LPA ligation to reperfusion to less than 5 min. However, even this short time allows the intravascular volume to change while there is no flow and the transvascular pressure is low.
The advent of cardiopulmonary bypass and organ transplantation has stimulated studies comparing pulsatile and steady flow perfusion in other organs. Donor organ viability is prolonged by pulsatile perfusion before transplantation (42-44). In the majority of such studies, vascular resistance increases more dramatically in response to steady flow perfusion (9, 11, 42, 45, 46) . Also, lymph flow and edema increase more during steady flow than during pulsatile flow (12, 42, 45) . Differences in hormonal responses between pulsatile and steady flow perfusion, including those to catecholamines, renin, antidiuretic hormone, prostaglandins, thyrotropin-releasing hormone, and cortisol, have been reported (11, 42, 45, 47, 48). Their physiologic importance deserves further study, and they could have clinical implications for infants undergoing cardiopulmonary bypass.
Conclusion. The mode of perfusion affects the magnitude, and probably the distribution, of the resistive properties of the pulmonary circulation. How dependence of resistance and edema formation are affected. Our analysis raises questions about the assumption of a fully recruited pulmonary vasculature during steady flow perfusion under zone I11 conditions. Furthermore, under typical experimental conditions, the mechanical properties of the in viva pulmonary vasculature cannot be accurately predicted from steady flow experiments.
Speculation. Pulsatility of pressure and flow are important in determining both active and passive responses of the pulmonary vascular bed. Whether the capacity of the neonatal pulmonary circulation for recruitment is modulated by these factors requires further investigation. Learning how and where these mechanical factors are transduced into these responses may allow us to understand vascular remodeling and certain pathologic conditions of the transitional circulation, such as pulmonary hypertension in the newborn, as well as pulmonary edema.
